Introduction
In vivo tumor growth involves a complex set of interactions between the host and the malignant cells. Angiogenesis is one major requirement of tumor development; other stromal components may also play an important role in providing suitable conditions for tumor growth and invasion.
Although malignant cells are supposed to have a clonal origin, heterogeneous population of cells emerge from a primary tumor. The heterogeneity can be already detected at the morphological level in some tumors; clonal derivation is also re¯ected by dierent patterns of loss of heterozygosity (LOH) as well as by dierential expression of genes. Therefore it is of importance to determine to what extent these multiple clonal variants will cooperate during tumor progression. To address this question, tumors formed by the rat bladder carcinoma NBT-II line were analysed under conditions where the inoculate was composed of mixture of cells constitutively expressing the growth/ scatter factor FGF-1 together with untransfected NBT-II cells. The growth kinetics of tumors obtained with dierent proportions of producing and non-producing cells, clearly revealed that the producing cells did not dominate in the tumor but allowed the non-producing cells to develop with a much reduced lagtime. This phenomenon was designated a community eect . This mechanism was proposed to account for the ability of amphibian presumptive mesodermal cells to dierenciate homogeneously into muscle cells; the interactions mediated by local communication between cells lead to a much more uniform response possibly allowing a change in cell fate (Wilson and Melton, 1994; Gurdon et al., 1993) . By analogy, interactions between clonal variants may also result in a more uniform behavior of the dierent populations, particularly with respect to their in vivo growth, invasive and metastatic abilities. It is intriguing to consider that the community eect described in this NBT-II experimental cell system, may contribute to the development of heterogenous human tumors.
The community eect observed for tumor progression is fundamentally dierent from the complementing or helper eect which is due to the presence of ®broblasts or extracellular matrix components injected together with the tumorigenic cells in nude mice (Gartner et al., 1992; Loizidou et al., 1996; Mehta et al., 1993) . Fibroblasts of dierent origins mixed with cancer cells do not grow within the tumor (Camps et al., 1990) ; their inducing capacities are rather linked to their production of growth/survival factors including extracellular matrix allowing a more suitable microenvironment (Paweletz and Boxberger, 1994) ; indeed ®broblasts can be substituted by reconstituted basement membrane and coinjection of NIH3T3 cells with Matrigel induces tumorigenicity (Fridman et al., 1992) .
In the NBT-II model system, it was ®rst necessary to explore whether the FGF-1 producing cells may have allowed the non-producing cells to develop earlier through the rapid recruitment and setting of blood vessels by FGF-1 which is also an angiogenic factor (Folkman and Klagsbrun, 1987) . The results showed that angiogenesis is unlikely to be causal to the community eect since FGF-2 producing NBT-II cells did not form tumors faster than the untransfected NBT-II cells whereas these tumors were highly vascularized (Jouanneau et al., 1997) . In this work we have attempted to determine whether a paracrine or a juxtacrine eect mediated by FGF-1 may be responsible for the community eect. This hypothesis was tested by studying mixture of FGF-1 producing NBT-II cells with NBT-II lacking functional FGF receptors.
Results

NBT-II cells expressing a dominant negative FGFR1 construct have inactivated endogeneous FGFR
Five out of 42 selected clones cotransfected with the deletion FGFR1 mutant pDFlg, the neo R gene and bgalactosidase gene have non functional FGF receptors. This has been checked ®rst, by biological approaches testing the loss of biological response to FGF-1 of the mutated NBT-II cells and second, by molecular analysis. Two of these clones DFlg14 and DFlg25 which also express the b-galactosidase gene were used further for in vivo experiments. These cells are of epithelial morphology indistinguishable from the parental NBT-II cells.
NBT-II cells expressing the dominant-negative construct of FGF-R1 are not scattered by FGF-1 Addition of 10 ng/ml of FGF-1 to clusters of the two selected clones cannot trigger the cell scattering as observed for the NBT-II control cells. However, DFlg cells have retained all their endogeneous capacities to undergo dissociation and morphological changes; addition of recombinant HGF/SF (10 ng/ml) induces cell scattering (data not shown) via the c-met receptor signaling as previously reported for untransfected NBT-II cells (Bellusci et al., 1994) .
Cells defective for FGFR signaling cannot repair a wound in vitro A wound made within a NBT-II cell monolayer is readily repaired upon addition of FGF-1 in the culture medium within 24 h (Boyer et al., 1989) . In similar experiments performed with DFlg clones, no closure of the wounds was observed in agrement with their inability to transduce a signal through their FGF receptors (Figure 1 ).
Cross-link between cells expressing defective FGFR and ligand
Cross-linking experiments with iodinated FGF-1 (Figure 2) , clearly show the presence of the NBT-II endogeneous FGF receptors which have been previously characterized as the KGFR/FGFR2b alternatively spliced variant of the FGFR2 receptor (Savagner et al., 1994) . Iodinated FGF-1 can be totally displaced by competition with addition of cold FGF-1 (106concentration) but not by addition of FGF-2. In addition to band observed in both cases, an additional band of approximately 60 Kd, corresponding to crosslinked receptors, is detected in DFlg cells; iodinated FGF-1 is almost completely displaced from these receptors by addition of 106FGF-2; the size of this band is in good agreement with the expected size of the deleted FGFR1 mutant encompassing the transmembrane domain and the extracellular portion of the receptor.
In vivo NBT-II cells with non functional FGF receptors take part in the community eect
In this work, we have induced the formation of an heterogenous tumor by mixing DFlg cells expressing the b-galactosidase reporter gene with NSF14 cells. The tumor growth rates are reported in Figure 3 and compared with the ones obtained in our previous studies ; DFlg cells behave like control NBT-II cells when mixed in vivo with NSF14 cells; the tumor growth rates are similar for same ratio of NSF14 cells in the inoculum. Analysis of the tumor cell content indicates that the two cell types are present in the tumors as well in the invaded lymph nodes (coexistence of`blue cells' expressing the b-galactosidase and FGF-1 producing cells, data not shown), evidencing that a community eect persists when FGF- In order to demonstrate that FGF receptors expressed by the DFlg cells remained inactive in cells in vivo or that no other receptors were de novo expressed in the genetically modi®ed cells, microexplants of tumors derived from inoculates containing the transfected cells, were incubated in the presence of FGF-1. Results reported in Figure 4 clearly show that only micro-explants from tumors that do not contain the inactivated form of the FGFR could be dissociated by FGF-1.
Could the community eect be observed with cells of dierent origin?
In order to address this issue we have used mixture of NSF14 cells with MDCK epithelial cells known to be non tumorigenic in nude mice. We ®rst checked whether 3.5610 6 MDCK cells were not tumorigenic when injected subcutaneously in nude mice under our experimental conditions. MDCK cells did not give rise to detectable tumors even after a 14 week period of time ( Figure 5 ). Control experiments performed with 0.5610 6 NSF14 cells indicated that this small number of cells is not sucient to promote tumorigenicity, even after a long period of latency (not shown). However when mixed with 3610 6 MDCK cells, the tumor grows with same kinetics as 0.5610 6 NSF14 cells mixed with 3610 6 NBT-II cells ( Figure 3 ). To determine whether the two types of cells were present in the tumor, we took advantage of the fact that highly polarized MDCK cells in culture express signi®cant levels of the ZO-1 protein while NBT-II and NSF14 cells are devoid of this tight junction protein, permiting to distinguish these two cell types in tumors. ZO-1 labeling of in vitro cell culture of fragments of tumors was negative indicating that these tumors appeared devoid of MDCK cells (data not shown). MDCK cells did not grow in vivo but allowed the NSF14 cells to grow even though the number of cells inoculated was not sucient to permit the formation of a tumor. MDCK cells may serve as helper to initiate the growth of the bladder carcinoma cells in vivo when inoculated in a number too small to permit tumor take.
In contrast, in the community eect the two cell variants are maintained in the developing tumor. The tumor take is ensured by the fact that the total number (Figure 6 ).
These results demonstrate that growth in vitro and in vivo cannot be compared and that tumor development in nude mice depends largely on interactions between the dierent cells and between the cells and the host environment.
Is the community eect mediated by a diusible factor remaining active in the circulation?
To test whether the community eect could be due, at least in part, to a diusible factor induced by FGF-1, which may transit through the blood stream, we have injected nude mice in their left¯ank with 3.5610 6 NBT-II cells and in their right one with 3.5610 6 NSF14 cells. The animals developed tumors in the right¯ank like animals injected with NSF14 cells alone, but did not develop tumors in the left side. Animals died or were sacri®ed around day 20 ± 30 with no tumor in the left side. These results indicate that the two cell types have to be mixed together and probably require direct cell contacts for the community eect to operate.
Discussion
The community eect
The community eect in tumor behavior was evidenced in our laboratory after the discovery that a minor subpopulation of NBT-II carcinoma cells expressing FGF-1 can confer an increased tumorigenic behavior to co-inoculated untransfected cells ; thus in contrast to other reports under dierent experimental settings a clonal dominance of the more aggressive subpopulation was not observed (Rak and Kerbel, 1993; Aabo et al., 1995; De Both et al., 1997) . The community eect could be mediated either directly or indirectly by speci®c interactions between the dierent subpopulations of carcinoma cells.
Direct FGF-1/FGFR signalization is not involved in the community eect
The tyrosine kinase activation of transmembrane growth factor receptor appears to be dependent on the dimerization of these receptors upon ®xation of the speci®c ligand to the extracellular domain binding site. (Ulrich and . The FGF receptor (FGFR) dimerization may result in homodimers (FGFR1-FGFR1 or FGFR2-FGFR2) or heterodimers (FGFR-1-FGFR2) (Bellot et al., 1991) or combination of dierent splice variants (Shi et al., 1993) .
A dominant-negative phenotype results from the putative dimerization between a full length FGFR and a mutated form deleted in the tyrosine kinase domain, leading to a complex which is unable to transphosphorylate and subsequently unable to transduce the signal. The use of this dominantnegative approach has been successfully reported in transfected NIH3T3 cells (Li et al., 1994) , and ecient inactivation of FGFR have been obtained in injected xenopus oocytes (Amaya et al., 1991) and also in transgenic mice where a dominant-negative mutant was targeted to the epidermis (Werner et al., 1993) . In the present work, by using a dominant-negative form of FGFR1 (Flg receptor) we have obtained a complete inactivation of the FGFR2b splice variant of the endogenous FGFR2 present on the NBT-II cell surface. The generated clones retained the ability to bind FGF-1 via the extracellular domains of the two receptor types (FGFR1 and FGFR2) ; in addition these cells have acquired the capacity to bind FGF-2 since they express the truncated DFlg mutant. We have provided evidence that each partner of the heterodimer has preserved its own speci®city for the ligand and also that heterodimerization between receptors not only of dierent types but also of dierent species, are eective since the transfected DFlg is of human origin.
In vivo experiments show that DFlg cells behave similarly to NBT-II control cells; mixed tumors composed of D¯g with NSF14 cells or control NBT-II cells with NSF14 cells did not exhibit any signi®cant dierence in growth kinetics. Thus it appears that a direct signaling through cell surface FGFR by FGF-1 produced by a minority of the tumor cells, could not account for the community eect.
As the direct paracrine signaling pathway via FGF-1 could not account for community eect, we investigated whether other mechanisms involving indirect signaling or other biological function could be mediated by FGF-1. Indeed, FGF-1 could also contribute in the community eect through its potent angiogenic activity. However, factors stimulating neoangiogenesis of NBT-II carcinoma do not allow tumor to develop faster than with the control NBT-II cells and therefore could not account for the community eect (Jouanneau et al., 1997 ).
Cell-cell or cell-stroma interactions as helpers for tumor growth
It has been reported since several years that tumor proliferation could be enhanced or activated if the tumor cells were coinjected with either living or irradiated ®broblastic cells or in presence of extracellular components. NIH3T3 cells are not tumorigenic when injected subcutaneously into athymic nude mice. If these cells are injected together with Matrigel they become able to form locally highly invasive tumors. The cells derived from the tumors showed a transformed phenotype in in vitro culture. In addition when these transformed cells are injected intravenously they formed colonies in the lung whereas control NIH3T3 cells did not. The invasive behavior of these transformed cells is associated with the production of a 92 Kd gelatinase and an increase in the 72 Kd gelatinase (Fridman et al., 1992) . It has also been reported that cooperation may exist between host and malignant cells (Paweletz and Boxberger, 1994) . Matrigel which contains several matrix components such as laminin, collagen, proteoglycans and growth factors, has been reported not only to enhance the tumor take but also to facilitate metastasis in nude mice of tumor cells of dierent origin and particularly tumors of human origin (Mehta et al., 1993) .
The potential role of stromal cells and particularly of ®broblastic cells on tumor proliferation and evolution has been studied in experimental systems developed either in the nude mouse or in syngeneic animals and in several cases with tumor cells of human origin. The main conclusion of these investigations is that ®broblasts of dierent types play a major role in tumor development and spreading through direct or indirect interaction (Loizidou et al., 1996; Schor, 1995; Nakajima, 1993; Gregoire and Lieubeau, 1995) . The ®broblasts aect the initial development of the tumor but the subsequent growth of the xenografts was not enhanced by ®broblasts (Hennigan et al., 1994 .) The ®broblast-epithelium interactions are likely in¯uenced by host factors; however in vitro, it has been reported that coculture experiments between human epithelial tumor cells (prostatic, bladder or breast cancers) with murine ®broblasts did not result in an increase proliferation of the cancer cells (Camps et al., 1990) .
We have carried out experiments designed to study whether the community eect could be observed when dierent cell types of the mixture are not of same origin. To this aim we used the epithelial MDCK cells which are non tumorigenic in nude mice and study whether the presence of NSF14 cells allows the MDCK cells to grow in the tumor. In vitro MDCK cells dominate over the NSF14 cells after a few passages and after the 9th passage (approximatively 35 ± 40 generations) no G418 resistant NSF14 cells were detected in the cultures. In vivo, the inoculation of such a mixture give rise to tumors that appears rapidly but are completely devoid of MDCK cells. We conclude that MDCK cells exert an helper eect promoting the growth of a limited number of FGF-1 producing cells below a threshold permitting tumor take. This helper eect is likely to be similar to the inducing eect of ®broblasts on tumor take (Camps et al., 1990) .
Several reports demontrate the stimulatory role of ®broblasts in the development of the tumor in nude mice (Camps et al., 1990; Gregoire and Lieubeau, 1995; Hennigan et al., 1994; Loizidou et al., 1996; Nakajima, 1993; Schor, 1995) . In the experiments reported here epithelial cells are also shown to exert an helper eect for tumor growth. Stromal cells interact with adjacent epithelial cells through a variety of modes including growth/dierentiating factors, production of extracellular matrix proteins such as collagens, proteoglycans, ®bronectin, laminin and tenascin as well as proteolytic activities. During embryogenic development these molecules are known to participate to invasive function and remodeling and also to cell migration. Those dierent factors could also contribute to the formation of a tumor.
Tumor growth closely depends on the host
We have unambiguously shown that the community eect is not due to a direct paracrine eect of FGF-1. The community eect can be established only when dierent cell populations interact closely. Together our results show that the observed dierence in vitro and in vivo of the growth of heterogeneous mixtures may be due to the contribution of the host. These results suggest that maintainance of the tumor heterogeneity with malignant cells diering by their growth rate, their ability to metastasize and their sensitivity to environmental parameters, is a inbuild mechanism in the cancer cell society. Cell behavior and tumor progression should depend largely on interactions among all the members of that cell society.
Work in progress will allow to determine if direct cell-cell contact and direct communication through gap junctions are involved in the establisment of the community eect.
In conclusion, the community eect leads to a complex interplay between a given committed tumor cell, the extracellular signals to which it can respond and neigbouring cells with which it can communicate thereby modifying its behavior.
Materials and methods
Cells
The NBT-II cell line is derived from a chemically-induced rat bladder carcinoma (Toyoshima et al., 1971) . These epithelial cells do not produce either FGF-1 or FGF-2 but possess high anity receptors for FGF-1 (Valles et al., 1990) which was cloned and identi®ed as the FGFR2b spliced variant of the FGFR2 receptor (ie KGFR) (Savagner et al., 1994) .
Transfected NBT-II cells expressing FGF-1 (NSF14 cells) or the FGFR1 (Flg receptor) have been reported elsewhere (Jouanneau et al., 1991; Savagner et al., 1994) MDCK cells (dog kidney epithelial cells) are a kind gift from Dr R Warn (University of East Anglia, Norwich, England) and are routinely used in our laboratory to test the scattering activity of the Scatter Factor (HGF/SF) produced either in the supernatant of MRC5 naturally producing ®broblastic cells or present in the conditioned medium of HGF/SF transfected NBT-II cells (Bellusci et al., 1994) .
All cells are grown in DMEM with 4 g/L glucose, supplemented with glutamine, penicilline, streptomycine and 10% fetal calf serum, refered as complete medium. The dierent cell lines used in this work are presented in Table 1 .
Plasmids
The pFlg expression vector contains the entire cDNA coding sequence for the human FGFR1 receptor (Dionne et al., 1990) . We have generated a mutant termed pDFlg by deleting the region encompassing the whole tyrosine kinase domain of the transmembrane receptor. This construct was further used to transfect NBT-II cells. The plasmid pCH110 allows expression of the b-galactosidase gene in eukaryotic cells (Pharmacia). The plasmid pAG60 contains the coding sequence for Neomycine resistance (neoR) under the herpes virus thymidine kinase promotor and allows selection in G418 selective medium (ColbeÁ reGarapin et al., 1981)
Antibody
Rat monoclonal antibodies against the tight junction protein ZO-1 (MAB 1520) is from Chemicon International Inc.
Transfection
10
6 NBT-II cells were seeded in 10 cm dishes 24 ± 48 h before transfection. Cells were transfected with 20 mg of pDFlg dominant-negative mutant together with both pAG60 (2 mg) and pCH110 (2 mg) according to the calcium-phosphate coprecipitation technique (Graham and Van der Eb, 1972) . Cells were selected in 400 mg/mL G418 containing medium and cells expressing the deleted mutant are refered thereafter as DFlg mutated cells.
Expression of the b-galactosidase gene in selected cells allow the detection of the mutated DFlg cells within the primary tumors and in metastases.
Tumor induction
3.5610
6 cells were subcutaneously injected in the right ank of nude mice (6 weeks old female Swiss nu/nu mice). Tumor size was monitored twice a week. The animals were sacri®ed when the tumors reached approximately a volume of 3 ± 4000 mm 3 . The primary tumor, the axillary and inguinal lymph nodes were removed for analysis and for the study of the growth properties of the malignant cells . Autopsies were made and the animals were carefully examined for the presence of metastases principally in the lungs and the liver.
The community eect was analysed in tumors derived from mixture of 3.5610 6 mutated DFlg cells together with 0.5610 6 NSF14 clone of FGF-1 producing cells. The DFlg cells were detected after staining for the b-galactosidase activity in tumor fragment ®xed with 4% paraformaldehyde.
A potential cooperative eect was also studied in tumors derived from 3.0610 6 MDCK cells mixed with 0.5610 6 NSF14 cells.
Test for scattering activity 5610 4 NBT-II cells per 25 cm 2 dishes were grown as small epithelial clusters for 2 days and then stimulated with either FGF-1 (20 ng/ml) or HGF/SF (20 ng/ml) for a 24 h period. Cells responding to either FGF-1 or HGF/SF are scattered and exhibit a ®broblastic-like morphology (Valles et al., 1990; Bellusci et al., 1994) .
Wound-healing assay
Con¯uent cell monolayers were gently wounded by scratching with a sterile Gilson pipette yellow tip and rinsed with fresh medium. Then media with or without FGF-1 (20 ng/ml) or HGF/SF (20 ng/ml) were added for an overnight incubation at 378C. Wound-repair with scattered cells from the edge of the wound was microscopically observed as already reported (Boyer et al., 1989) .
Dissociation of tumor explants
In order to demontrate that FGF receptors expressed by the DFlg cells are inactivated in vivo or that no other receptors were de novo expressed in the genetically modi®ed cells, micro-explants of tumors containing these cells, were incubated in the presence of FGF-1, an ecient scatter factor for the parental NBT-II cells (Valles et al., 1990) . Brie¯y, ex vivo tumor explants were obtained after carefull mincing of tumor fragments of approximatively 0.5 ± 1 mm 3 ; the explants were deposited onto plastic culture dishes; after a 10 ± 15 min period allowing the attachment of the explants to the plastic, standard complete medium or FGF-1 containing medium (50 ng/ml) was added to the explants. Fifty to 100 explants were made for each type of tumor and were analysed in each case from ®ve independent tumors. After a 24 h incubation, cell dispersion from the explants was monitored microscopically and the explants with surrounding dissociated tumor cells were counted and their relative percentage determined. To control that in vivo the mutated cells have retained their intrinsic capability to be dissociated, parallel experiments were done in presence of HGF/SF (Hepatocyte Growth factor/Scatter Factor) (20 ng/ml) which activates the c-met receptor and induces scattering of control NBT-II cells as well as the DFlg cells (Bellusci et al., 1994) .
Cross-linking experiments
Subcon¯uent cultures of NBT-II cells or DFlg mutated cells grown in 16 mm dishes were rinsed with Binding Buer (BB: 20 mM HEPES, 0.9 mM CaCl 2 , 0.8 mM MgCl 2 , 3 mM KCl, 140 mM NaCl, 0.1% BSA, pH 7.2). Binding with iodinated growth factor (iodinated FGF-1 with speci®c activity 24 750 c.p.m./ng) were made in BB for 3 h with 10 ng/ml of FGF-1 without or with 10 molar excess of unlabeled FGF-1 or FGF-2 according to the protocol reported previously (ValleÂ s et al., 1990) . Crosslinked ligand-receptor were analysed by polyacrylamide gel electrophoresis and visualized by autoradiography.
